Introduction
============

In the early hours of January 27, 2013, 232 young adult victims died immediately during the fire at a nightclub in the city of Santa Maria, Brazil. Of the survivors, 88 were admitted to the ICU with severe smoke inhalation injury (SII) and varying percentages of total body surface area (TBSA) burned, as well as with other injuries, most of which were of moderate severity. This was the second largest fire death toll in the history of Brazil. The health care facilities in the state of Rio Grande do Sul joined forces in order to optimize victim assistance, meeting with international authorities periodically in order to exchange experiences. In view of these facts, it is necessary to review and update the literature regarding adults with SII caused by enclosed-space fires, including direct thermal damage to the airways, hydrogen cyanide (HCN) poisoning, and carbon monoxide (CO) poisoning.

In a model to estimate burn-related mortality, SII, together with age \> 60 years and \> 40% TBSA burned, is an independent factor for mortality. In the presence of only one of those factors, the burn mortality rate is 3%, increasing to 33% and 90%, respectively, when two and all of those factors are present.^(^ [@B01] ^)^

It is impossible to predict the pathophysiological interactions of all toxins produced by smoke, especially if we consider the wide variety of pyrolysis components and the unpredictable rate of by-product formation, depending on the temperature, area, and composition of the environment. During a fire, the concentration of oxygen (O~2~) typically drops to 10-15%, at which point death from asphyxia occurs.^(^ [@B02] ^,^ [@B03] ^)^ Between 60% and 80% of all sudden deaths occurring at the scene of a fire are attributed to smoke inhalation.^(^ [@B04] ^)^ The classic scenario is an enclosed-space fire, with loss of consciousness in the presence of facial burns or large TBSA burns.^(^ [@B05] ^)^

Didactically, SIIs can be classified into three types: 1) upper airway thermal injury involving the mouth, oropharynx, and larynx; 2) lower airway and parenchymal injury caused by chemicals and particulate matter originating from smoke; and 3) metabolic asphyxiation, whereby certain smoke constituents impede tissue O~2~ delivery, tissue O~2~ consumption, or both.^(^ [@B05] ^)^ The immediate management of SII victims should focus primarily on the ABCDE of trauma.^(^ [@B03] ^)^

For thermal injury itself, we searched the Medline database using the following search strategy: \"Smoke Inhalation Injury\"(Mesh) AND (\"2003/02/14\"(PDat) : \"2013/02/10\"(PDat) AND \"humans\"(MeSH Terms) AND English(lang) AND \"adult\"(MeSH Terms). A total of 127 references were retrieved. After having read the titles and abstracts, we excluded 97 references, because they were outside the scope of the present review. For CO poisoning, we used the following strategy: \"Carbon Monoxide Poisoning\"(Mesh) AND \"Burns\"(Mesh) AND (\"2003/02/28\"(PDat) : \"2013/02/24\"(PDat) AND \"humans\"(MeSH Terms) AND English(lang). A total of 34 references were retrieved. After having read the abstracts, we excluded 28 of those references because the settings of the studies in question were other than fires. For HCN poisoning, we used the following search strategy: (english(Language) AND (\"2001\"(PDAT) : \"2013\"(PDAT))) AND ((\"burns\"(MeSH Terms) OR \"burns\"(All Fields)) AND (\"cyanides\"(MeSH Terms) OR \"cyanides\"(All Fields) OR \"cyanide\"(All Fields)) AND (\"poisoning\"(Subheading) OR \"poisoning\"(All Fields) OR \"poisoning\"(MeSH Terms)) AND (\"therapy\"(Subheading) OR \"therapy\"(All Fields) OR \"treatment\"(All Fields) OR \"therapeutics\"(MeSH Terms) OR \"therapeutics\"(All Fields))). A total of 24 references were retrieved. After having read the abstracts, we excluded 8 of those references because the studies in question did not involve adult burn patients in a hospital setting. Subsequently, we included some specific review articles on the topics of interest.

Airway inhalation injury
========================

Upper airway inhalation injury resulting in obstruction within the first 12 h after the incident is caused by direct thermal damage, chemical irritation, or both. The resulting pathophysiological changes are not due to the burn per se; the smoke itself, which is far more capable of carrying heat than is dry air, can overwhelm the ability of the upper airways to dissipate extreme heat. Nor is the carbonaceous material present in the smoke able to damage the lung parenchyma, although it can serve as a vehicle for other damaging agents.

Up to one third of all SII victims can present with acute upper airway obstruction.^(^ [@B06] ^)^ Direct thermal injury to the face and airways is always indicative of a difficult airway; however, prophylactic establishment of a definitive airway is not mandatory in such cases. Ideally, all victims suspected of having inhaled smoke should undergo fiberoptic bronchoscopy in order to determine whether the laryngeal edema is severe enough and whether there is injury below the glottis. A retrospective study conducted in a burn referral center evaluated 41 patients, 8 of whom underwent orotracheal intubation (OTI), and showed a high correlation between the need for OTI and the presence of facial burns and soot in the oral cavity but no correlation between the need for OTI and the classic signs and symptoms, i.e., stridor, dysphonia, dysphagia, and sialorrhea.^(^ [@B07] ^)^ Nevertheless, prophylactic OTI is recommended for all patients with extensive burns, i.e., those with more than 40% TBSA burned.^(^ [@B05] ^)^

Fiberoptic bronchoscopy is the gold standard for the diagnosis of airway inhalation injury. In addition, fiberoptic bronchoscopy is often used for airway hygiene, removing particulate matter, mucus plugging obstructing bronchi, and the large quantity of inflammatory secretion that forms because of cellular necrosis ([Figure 1](#f01){ref-type="fig"}). ^(^ [@B05] ^,^ [@B06] ^)^ Furthermore, fiberoptic bronchoscopy can predict the evolution of patients from a respiratory standpoint. Bronchoscopic grading through the abbreviated injury score (AIS), whereby thermal injury to the airway is classified as 0 (no injury), 1 (mild injury), 2 (moderate injury), 3 (severe injury), or 4 (massive injury), was associated with decreased PaO~2~/FiO~2~ within the first 24 h after ICU admission in a retrospective cohort of 32 patients with extensive burns.^(^ [@B08] ^)^ Another study showed that, in patients with extensive burns, a higher AIS at admission correlated with a longer duration of mechanical ventilation (a median of 3 days for grade 0 and of 23 days for grade 4), a trend toward a greater frequency of tracheostomy, and a longer ICU stay.^(^ [@B09] ^)^ A retrospective cohort study showed an absolute reduction of 27% in survival in patients with an AIS of 2-4 in comparison with those with an AIS of 0 or 1.^(^ [@B10] ^)^

Figure 1In A and B, severe thermal injury in a patient with extensive burns. In C, particulate matter extracted from the airway.

Classically, imaging tests such as chest X-rays and CT scans have little or no value in the diagnosis of SII.^(^ [@B05] ^,^ [@B06] ^)^ A retrospective analysis of 44 patients admitted to a burn referral center showed that chest CT scans taken within the first 24 h after admission have prognostic value in predicting the composite outcome of pneumonia, ARDS, and death.^(^ [@B11] ^)^

Serial repetition of fiberoptic bronchoscopy after the diagnosis has been established remains controversial among experts. In the literature, there are no prospective or intervention studies specifically examining this issue. In the USA, a study of 624 patients with SII receiving different treatment regimens showed no conclusive (statistically significant) results regarding the aggressive use of fiberoptic bronchoscopy, although there seemed to be a slight trend toward shorter hospital stays in those who underwent more than one procedure during their hospital stays.^(^ [@B12] ^)^

Appropriate fluid resuscitation is the cornerstone of treatment of patients with extensive burns.^(^ [@B13] ^)^ However, in the literature, conflicting opinions exist regarding the presence of concomitant SII, which are due to the fear that significant worsening of lung compliance might lead to irreversible hypoxemia.^(^ [@B05] ^)^ Nevertheless, a retrospective cohort study showed that the presence of SII increases the need for fluid resuscitation by approximately 34%.^(^ [@B14] ^)^ One group of authors found no correlation between increased fluid requirements and the AIS, i.e., the severity of the initial injury.^(^ [@B10] ^)^

The management of patients with thermal injury to the airways is basically supportive. As in any other context, a protective ventilatory strategy is recommended, with a tidal volume of 4-8 mL/kg of predicted weight and a plateau airway pressure of less than 30 cmH~2~O. No other strategy is recommended.^(^ [@B13] ^)^

When high-frequency oscillatory ventilation was used as a rescue therapy for patients who developed ARDS after extensive burns, the group of patients with airway inhalation injury showed a poor response, showing prohibitive levels of hypercapnia, possibly due to the impossibility of nebulizer use.^(^ [@B15] ^)^ A randomized clinical trial comparing protective ventilation and high-frequency oscillatory ventilation in a sample of 62 patients with extensive burns, in whom the prevalence of SII was 37%, showed no differences between the two groups regarding the primary outcome measure \"number of ventilator-free days\"; however, the need for rescue ventilation was more common in the group of patients receiving low tidal volume ventilation.^(^ [@B16] ^)^ A quasi-experimental trial including 18 patients with severe ARDS (12 of whom had SII) showed that prone positioning improves oxygenation.^(^ [@B17] ^)^ Finally, a meta-analysis of the use of extracorporeal membrane oxygenation in burn patients with varying degrees of airway involvement concluded that the current literature is insufficient to support or oppose the use of the technique in such patients.^(^ [@B18] ^)^

In a case series of 37 patients with SII, noninvasive mechanical ventilation was used as initial ventilatory support; 6 patients (16.2%) required emergency OTI, and another 16 (43.7%) subsequently required invasive mechanical ventilation over the course of 29 days of follow-up. The mortality rate in the case series was 13.5%. The authors concluded that noninvasive ventilation can be used as initial ventilatory support in patients with SII provided that they are conscious and hemodynamically stable.^(^ [@B19] ^)^

Thermal injury triggers an intense inflammatory reaction in the airways, with activation of procoagulant factors and release of oxygen free radicals. This explains the close association between thermal injury and the development of ARDS. One of the first studies to evaluate the therapeutic role of inhaled heparin and N-acetylcysteine in adults retrospectively analyzed 62 patients who had received the combination therapy during the first 72 h of admission and concluded that, although there was an improvement in the PaO~2~/FiO~2~ ratio, the therapy had no long-lasting effect and did not affect clinical outcomes, which did not differ between the treated and untreated groups.^(^ [@B20] ^)^ However, a population-based nested case-control study conducted in the following year showed significant improvements in hypoxemia and lung compliance in the group receiving the combination therapy, as well as showing a significant reduction in mortality even after 150 days of follow-up, the number needed to treat being 3.^(^ [@B21] ^)^ A systematic review of 11 experimental studies and 3 clinical studies recommended the use of nebulized heparin in patients with thermal injury to the airways, on the basis of improved survival and a higher number of ventilator-free days.^(^ [@B22] ^)^

Pneumonia is one of the most common complications of SII, its incidence being approximately 30%,^(^ [@B23] ^-^ [@B25] ^)^ particularly in patients over 60 years of age, those with more than 20% TBSA burned, those with an AIS above 3, and those with CO poisoning and hypoxemia at presentation.^(^ [@B25] ^)^ Prevention and treatment strategies are similar to those employed in the management of nosocomial pneumonia.

As in any other critically ill patient, early extubation is recommended. The timing of tracheostomy has yet to be well established; however, some authors have suggested that tracheostomy be performed within up to 7 days after initiation of mechanical ventilation.^(^ [@B26] ^)^

Long-term follow-up of 52 patients who were victims of a fire in a subway station in Korea in 2003 showed significant improvements in FVC and FEV~1~ within 3 months after the incident and complete remission in the following 3 months, the small group of patients receiving corticosteroid therapy having shown no improvement.^(^ [@B27] ^)^

CO poisoning
============

It is known that CO is an asphyxiant, colorless, odorless, tasteless, and non-irritating gas,^(^ [@B28] ^)^ which is produced by the incomplete combustion of hydrocarbons.^(^ [@B29] ^,^ [@B30] ^)^ Its concentration in the atmosphere is generally less than 0.001%.^(^ [@B31] ^)^ A CO concentration of only 1% is enough to cause serious injury because CO is rapidly absorbed by the pulmonary epithelium and has high affinity for hemoglobin,^(^ [@B30] ^)^ which can be 200-250 times higher than that of O~2~.^(^ [@B31] ^)^ Of all SII-related deaths, CO poisoning accounts for 80%, and most occur within the first 24 h after exposure.^(^ [@B32] ^)^

Carboxyhemoglobin (COHb) is an extremely stable complex, and COHb production decreases oxyhemoglobin saturation and shifts the hemoglobin dissociation curve to the left, reducing the release of O~2~ to tissues.^(^ [@B31] ^,^ [@B33] ^)^ In addition, competitive inhibition with the cytochrome oxidase complex, principally P-450, prevents the use of O~2~ to generate energy.^(^ [@B34] ^)^ Additional mechanisms include CO binding to myoglobin, impairing O~2~ storage in muscle, and brain lipid peroxidation.^(^ [@B35] ^)^ Brain lipid peroxidation after CO exposure is similar to post-ischemic reperfusion and is mediated by changes in cerebral blood flow and oxidative damage by free radicals.^(^ [@B33] ^)^

As is the case for most toxins, the extent of the injury caused by CO poisoning depends on the CO concentration, exposure duration, and comorbidities in the exposed individual. ^(^ [@B35] ^)^ The clinical symptoms of CO poisoning are nonspecific and suggestive of many differential diagnoses. Patients can present with tachycardia and tachypnea as compensatory mechanisms for cellular hypoxia. Headache, nausea, and vomiting are common symptoms. Syncope, presyncope, and convulsions result from cerebral vasodilation and cellular hypoxia and can also cause brain edema. Angina, acute pulmonary edema, and arrhythmias can result from the increased cardiac output that follows. Patients with cardiovascular disease and those with lung disease can experience symptom exacerbation. The classic findings of cherry-red lips, cyanosis, and retinal hemorrhages are rare.^(^ [@B31] ^)^

Many exposed individuals show no acute signs of cerebral involvement; however, delayed neuropsychiatric sequelae have been described and can occur within 3-240 days after exposure. The estimated incidence is 10-30%. Cognitive changes, personality changes, Parkinsonism, agnosia, apraxia, incontinence, dementia, and psychosis have been reported and can persist for one year or more. In such patients, cranial CT and magnetic resonance imaging can show characteristic changes, which include bilateral necrosis of the globus pallidus, cerebral cortex, hippocampus, or substantia nigra.^(^ [@B29] ^,^ [@B31] ^,^ [@B33] ^)^

The diagnosis of CO poisoning is based on a history of CO exposure and on consistent physical examination findings.^(^ [@B28] ^)^ It is possible to measure COHb levels by co-oximetry of a blood sample. ^(^ [@B33] ^)^ Pulse oximetry cannot distinguish between COHb and oxyhemoglobin at the wavelengths that are commonly employed by most devices.

The severity of the symptoms appears to correlate better with exposure duration than with COHb levels. These values can be low or even undetectable depending on the time elapsed between exposure and measurement. ^(^ [@B28] ^,^ [@B30] ^,^ [@B31] ^)^ The levels of COHb do not predict the degree of neurological sequelae.^(^ [@B28] ^)^ Nonsmokers rarely present with COHb levels above 1.5%, whereas smokers can present with COHb levels as high as 5%. Levels of COHb above 10-15% are consistent with CO poisoning.^(^ [@B33] ^)^

After the diagnosis of CO poisoning has been confirmed, electrocardiography is recommended. A more detailed assessment, with measurement of cardiac biomarkers, is warranted in patients with electrocardiographic changes, those with symptoms suggestive of myocardial ischemia, those over 65 years of age, and those with a history of or risk factors for heart disease.^(^ [@B29] ^,^ [@B36] ^,^ [@B37] ^)^

Most patients can be evaluated and treated as outpatients. Hospitalization should be considered for patients with severe poisoning, severe comorbidities, or associated injuries.^(^ [@B31] ^)^

The treatment of CO poisoning is based on O~2~ supplementation, ventilatory support, and cardiac monitoring.^(^ [@B29] ^)^ In cases of CO poisoning, O~2~ plays a role in increasing gas exchange reserve, reversing the effect of hypoxic gas inhalation, and in dissociating CO from its binding sites.^(^ [@B34] ^)^ Patients with CO poisoning should receive O~2~ therapy at high concentrations (ideally at 100%) for 6-12 h, because this reduces the half-life of CO.

The mean half-life of COHb is 320 min in young healthy volunteers ventilated on room air. The administration of O~2~ at 100% and 1 atm reduces the half-life of COHb to 80.3 min, whereas the administration of O~2~ at 3 atm reduces the half-life of COHb to 23.3 min.^(^ [@B29] ^)^ Hyperbaric O~2~ therapy (HBOT) is recommended by most toxicologists when COHb levels are higher than 25. Ideally, HBOT should be initiated within 6 h after CO exposure, and there is no proven benefit for patients receiving HBOT more than 12 h after CO exposure. However, HBOT is not widely available or risk-free.^(^ [@B29] ^,^ [@B31] ^,^ [@B33] ^)^ There are 7 randomized clinical trials comparing HBOT and normobaric O~2~ therapy. Those studies were examined in a systematic review, and, to date, there has been no conclusive evidence that HBOT reduces the incidence of neurological sequelae; in addition to have yielded conflicting results, those studies are highly heterogeneous in terms of design, methodology, protocol, study population, and analysis.^(^ [@B35] ^,^ [@B38] ^)^

Data regarding the prognosis of patients with CO poisoning are inconclusive and contradictory. Approximately 30% of all patients with severe CO poisoning can have a fatal outcome. Indicators of poor prognosis include altered state of consciousness at presentation, advanced age, underlying cardiovascular disease, metabolic acidosis, and structural abnormalities on CT scans or magnetic resonance images.^(^ [@B29] ^)^

HCN poisoning
=============

A highly volatile compound, HCN is formed by the incomplete combustion of carbonaceous and nitrogenous materials during a fire, including cotton, silk, wood, paper, plastics, sponges, acrylics, and synthetic polymers in general.^(^ [@B04] ^,^ [@B39] ^)^ In addition, the recycling of pyrolysis products in enclosed spaces increases the rate of HCN formation, and the lack of ventilation in the environment can increase that rate by up to 10 times.^(^ [@B04] ^)^

Notable for its ability to bind to iron ions, HCN is carried through the bloodstream by red blood cells. In the intracellular environment, HCN binds to the enzyme cytochrome c oxidase a, completely blocking the respiratory cycle and, consequently, the formation of ATP. Therefore, profound lactic acidosis occurs, death occurring within minutes after exposure to large doses.^(^ [@B03] ^,^ [@B04] ^,^ [@B40] ^)^

After being absorbed, HCN rapidly disappears from the bloodstream, its alpha half-life ranging from 1 h to 3 h, its beta half-life being 44 h, and its peak concentration being difficult to measure. ^(^ [@B03] ^)^ Therefore, a blood sample should be obtained as early as possible, even while still at the scene of the accident, and treatment should be initiated before laboratory test results are known, the results being released within 2 h, on average.

The diagnosis of HCN poisoning remains a challenge and is essentially based on a high clinical suspicion. The initial manifestations reflect respiratory and neurological stimulation resulting from the blockade of cellular respiration, including hyperventilation, headache, nausea, vomiting, palpitations, and anxiety. Subsequently, convulsions, bradycardia, and hypotension occur, culminating in respiratory arrest and cardiovascular collapse.^(^ [@B04] ^,^ [@B40] ^)^ Because very few patients survive, reports of neurological sequelae are rare. However, mild CO poisoning is recognized as a cause of permanent neurological injury, ranging from extrapyramidal manifestations of varying intensity to a persistent vegetative state progressing over the years.^(^ [@B40] ^)^

Serum HCN concentrations above 0.5 mg/L are related to acute poisoning.^(^ [@B39] ^)^ There is some correlation between serum HCN levels and symptom severity; in general, serum levels of 0.5-1 mg/L are mild, serum levels of 2-3 mg/L are moderate, and serum levels above 3 mg/L are lethal.^(^ [@B04] ^)^

Plasma lactate concentrations above 90 mg/dL or 10 mmol/L correlate with HCN poisoning.^(^ [@B03] ^,^ [@B04] ^)^ A small case series of patients with HCN poisoning unrelated to smoke inhalation showed that serum lactate levels above 8 mmol/L have a sensitivity of 94%, a specificity of 74%, a positive predictive value of 98%, and a negative predictive value of 98% for predicting serum HCN levels \> 1 mg/L.^(^ [@B41] ^)^ A reduced arterial-venous O~2~ difference is also observed, being generally lower than 10 mmHg, which explains the absence of cyanosis. Because there is no correlation between COHb levels and HCN levels, it is impossible to predict concomitant poisoning.^(^ [@B04] ^)^

For decades, a cyanide antidote kit was available in the USA and consisted of a combination of three drugs, namely inhaled amyl nitrite, intravenous sodium nitrite (both drugs being capable of generating methemoglobin, which diverts HCN from the mitochondrial cytochrome), and intravenous sodium thiosulfate for 30 min (which binds to free HCN via the enzyme rhodanese and forms thiocyanate, which is cleared by the kidneys). The kit has a slow onset of action and causes hypotension, as well as inducing methemoglobinemia, which can be harmful to smoke inhalation victims with suspected CO poisoning.^(^ [@B39] ^)^

According to a European expert consensus published in 2012^(^ [@B04] ^)^ and a North American review of prehospital care,^(^ [@B03] ^)^ the drug of choice for the treatment of patients with suspected HCN poisoning is hydroxocobalamin, a drug that has recently been made available by the Ministry of Health, which binds to HCN to form cyanocobalamin, which is excreted in urine. Hydroxocobalamin is a drug with a rapid onset of action, reaching therapeutic levels in the cerebrospinal fluid within approximately 30 min after administration. Minor adverse effects have been reported, including hypertension, reflex bradycardia, and urticaria-like rashes, as well as reddish skin and urine.^(^ [@B40] ^)^ In a prospective cohort study, the preemptive use of hydroxocobalamin (5 g diluted in 100 mL of distilled water and infused for 15-20 min, with the possibility of repeating the same dose in cases of coma or persistent hemodynamic instability) resulted in the survival of 67% of the patients with HCN poisoning from smoke inhalation.^(^ [@B42] ^)^

The role of HBOT in the adjunctive treatment of concomitant CO and HCN poisoning is controversial. The physiological rationale is based on a greater induction of nitric oxide formation in the bloodstream, nitric oxide competing with HCN for the binding to the enzyme cytochrome c oxidase a.^(^ [@B40] ^)^ A quasi-experimental study showed no reduction in blood concentrations of HCN after HBOT in SII victims.^(^ [@B43] ^)^

It is recommended that all SII victims presenting with a decreased level of consciousness (Glasgow coma scale score ≤ 13) or signs of hemodynamic instability and respiratory failure be empirically treated with hydroxocobalamin in a prehospital environment. In cases of cardiac arrest attributed to HCN poisoning, it is possible to administer a double dose immediately or repeat the standard dose. When referred to the emergency room, patients for whom the antidote was not initially indicated but who show elevated levels of lactate during a 2-h observation period should also receive the antidote.^(^ [@B04] ^)^ Patients diagnosed with brain death due to HCN poisoning are candidates for organ donation.^(^ [@B03] ^)^

Final considerations
====================

Enclosed-space fires should raise the suspicion of SII associated with loss of consciousness, facial burns, and large TBSA burns. Treatment is basically supportive, consisting of immediate O~2~ therapy, rapid administration of an antidote, and protective mechanical ventilation. The use of inhaled heparin in victims of thermal injury is recommended by some experts. In such patients, the use of HBOT is highly controversial, as is the use of additional ventilation modes. In addition to immediate management, individuals with SII should be extubated as soon as possible, and attention should be paid to the possibility of early tracheostomy.

Study carried out at the Hospital Mãe de Deus , Porto Alegre, Brazil.
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